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Abstract 
Due to the rapid development of packaging industry accelerated reliability testing for evaluation of lifetime of electronic 
components are increasingly utilized. In addition to common active thermal cycling procedures, accelerated mechanical fatigue 
testing provides a new possibility to assess the reliability of microelectronic components, mainly due to the significantly shorter 
duration of testing time.  In this investigation we have used an ultrasonic fatigue testing system in combination with a special
experimental set-up for qualification and lifetime determination of microelectronic interconnects. Using this technique, fatigue
life of Al wire bonded interconnects were determined and S-N curves (shear stress as a function of loading cycles) up to N=109
were plotted. Three dimensional elasto-plastic FEM simulations were performed to determine the distributions of shear stress and
plastic strain generated during cyclic fatigue in the bond area. Furthermore, the FEM model was employed to predict the lifetime
of wire-bonds. The results were correlated to the lifetime curves of similar bonds obtained by power cycling tests. Detailed 
microstructural investigations were performed by means of EBSD –SEM to study the evolution of microstructure of the 
interconnects subjected to thermal and mechanical fatigue loading. This study demonstrates the applicability of accelerated 
mechanical fatigue testing as an alternative to time consuming thermal cycling for qualification of microelectronic interconnects. 
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1. Introduction 
Reliability curves of power semiconductor devices are conventionally obtained by accelerated power cycling 
tests in which temperature variations induced by power generation within the electrically activated semiconductor 
device are executed at fixed ambient temperature. Thermally induced cyclic shear stresses in the interfaces of the 
interconnect materials (Si chip and wire bonds) result in degradation and subsequent fatigue failure of the device. 
Lifetime of the devices are described in terms of the semiconductor junction temperature difference (¨Tj) as a 
function of number of loading cycles to failure, which are obtained from the power cycling tests [1].  
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Due to the physical limitation of the testing frequency of thermal/power cycling, acceleration is commonly 
achieved by increasing the temperature difference resulting in an increase in the strain amplitude in the interface and 
reducing the time to failure. Determination of fatigue life, especially in the region above one million cycles at low 
junction temperatures is extremely time-consuming. Since these data are required for several application fields, 
therefore high cycle reliability curves are obtained by extrapolation of the low cycle fatigue data [2].  
Another possibility to achieve a significant reduction of the testing time is application of accelerated mechanical 
shear fatigue testing. In previous works, we have shown that by using an appropriate mechanical testing set-up 
material interconnects can be subjected to mechanical shear stresses which are equivalent to those induced during 
the temperature/power cycling or operational life of electronic devices. Using this testing technique fatigue life 
curves for Al-wire bonded interconnects were determined in a very short time, while the wire bond lift-off which is 
known as the predominant failure mechanism in semiconductor devices could also be reproduced [3]. 
The focus of the present paper is to demonstrate the extent of the applicability of accelerated mechanical shear 
fatigue testing as an alternative to power cycling tests. Lifetime of Al wire-bonds are determined by means of 
mechanical fatigue testing and compared to thermal lifetime curves of interconnects with similar quality, 
accompanied by microstructural investigation and failure analysis. FEM simulations are performed to provide a 
theoretical basis for the experiments and to describe the distribution of the strains and stresses in the interconnect 
area in the course of cyclic loading. A lifetime model is suggested and discussed with respect to the thermal lifetime 
curves obtained from active power cycling tests. 
2. Accelerated mechanical shear fatigue testing 
High purity Al wires of 400μm diameter were ultrasonically bonded to Al metallized Si-chips which were 
soldered to direct copper bonded (DCB) base plates (Fig. 1a). The bonding parameters were chosen similar to those 
used for bonding of standard IGBT modules (Econopac) with a known lifetime which was determined by power 
cycling. The single chips were then unsoldered and removed from the base plate to perform the fatigue experiments.  
Fatigue experiments were performed by using a special experimental set-up in combination with an ultrasonic 
resonance fatigue testing device working at a frequency of 20 kHz [3]. The wire bonded chips were glued to the free 
end of a specimen holder in a manner that the coupling between the chip and holder was provided only by the 
bonded area [Fig. 1b]. During the loading, the coupled micro-component and the holder were subjected to forced 
longitudinal vibrations with the maximum of displacement occurring at the end of the holder. Due to inertia, the 
wire bonded micro-component was accelerated relative to the holder generating a cyclic shear strain in the 
interconnect. The velocity of vibration was measured by using a Laser Doppler Vibrometer (LDV).  
The average shear stress induced in the interconnect with a known area (A) can be approximated by  
Aam /.=τ (1)  
Acceleration (a) acting on the micro-component with a mass (m) is deduced from the measured velocity of 
vibration. Average value of the shear strain can be derived by using the shear modulus of the interconnect material 
(in this case Al) and the bonded area is obtained by subsequent optical measurement of the fracture surface.  
   
Fig. 1. (a) Al wire bonded specimens; (b) Specimen set-up (specimen holder and the attached wire bonded chip) 
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3. Modeling 
For the lifetime prediction of wire-bonds the precise evaluation of stress concentration is crucial. On the basis of a 
purely elastic material model, the stress intensity factor would overestimate the stress occurring in the wire. When 
the local strain exceeds the elastic limit, plastic yielding takes place and the stress is relaxed. Therefore, we have 
performed a full transient FEM analysis of the shear fatigue experiment including plasticity of the aluminum wire. 
The 3-dimensional simulations were carried out with the FEM code ANSYS. The geometry of the model is depicted 
in figure 2. Because of the mirror symmetry with respect to the middle of the chip, only half of the sample was 
simulated.
The material model used for silicon is purely elastic. In contrast, the elasto-plastic behavior of the aluminum wire 
is described by multilinear kinematic hardening. The sample holder was treated as purely elastic with the Young’s 
modulus and Poisson ratio of aluminum.  
In the transient simulation a sinusoidal force of the form of equation (2) with a frequency of 20 kHz acted upon 
the sample holder. 
( )φω +⋅=  tsinxFFG (2)  
Figure 2: Geometry and mesh of the sample 
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Figure 3: Multilinear elasto-plastic material model for the aluminum wire 
However, there was no force acting directly on the silicon chip or on the aluminum wire which were only 
accelerated due to the connection to the underlying sample holder. The simulation was repeated with different 
values of the force in order to obtain periodical displacements which agree with the experimental observations of the 
laser vibrometer [3]. The initial condition for the velocity v at t = 0 was defined by v = 0 for the whole specimen 
including the sample holder. The phase angle φ was adjusted such that the samples center of mass returns to its 
initial position after one period of motion. A damping of the periodical motion was achieved through the plastic 
material model of the aluminum wire leading to a hysteresis in the cyclic stress-strain diagram. No resonance effects 
occurred in the simulation, because the relevant eigenfrequency of 12632 Hz is clearly below the testing frequency 
of 20 kHz.  
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Results of the simulation are depicted in figures 4.a-c. Figure 4.a shows a plot of the shear stress for that time 
step within the first period where it reaches its maximum. The average value of the shear stress agrees well with 
estimation according to equation (1). But at the left and the right end of the contact area much higher stress 
concentration is observed. While the average shear stress according to equation (1) was 13.44 MPa, the shear stress 
in the Al – wire reaches 21.1 MPa (at MX) (Fig. 4.a).  
For the plasticity model, however, the von Mises stress is the most significant stress value. When the von Mises 
stress reaches the value of the flow stress, plastic yielding occurs (Fig. 4.b).  
A plot of the plastic strain shows that the plastic zone occupies only a small part of the specimen (Fig. 4.c). 
Nevertheless, the maximum value of plastic strain is large enough to cause damage during high cycle fatigue. A 
maximum value of 0.92 % was found in the vicinity of the location of stress concentration at the interface of Si – 
chip and Al – wire. The experimental results showed that the crack initiation site was always identical with the 
location of maximum plastic deformation as found by FEM simulations (Fig. 4.c and Fig. 5). 
           
Fig. 4. (a)  Plot of the shear stress for the time step where it reaches its maximum; (b) Plot of the von Mises stress for the time step where it 
reaches its maximum,  maximum value within the aluminum wire = 41.3 MPa 
      
Fig. 4. (c)  Plot of the plastic von Mises strain at the end of the first period of motion; Fig. 5. : Crack initiation at the location of maximum shear 
strain
The experimentally determined fatigue lifetime for Al wire bonded interconnects obtained by acceleretaed 
mechnaical shear fatigue is presented in figure 6 with the calculated average values of shear stress as a function of 
number of loading cycles up to 1E+9. In the following, on the basis of the present results a lifetime prediction model 
for Al wire bonded interconnects can be proposed. From a phenomenological point of view, the number of cycles to 
failure (Nf ) during high cycle fatigue is well described by the Basquin equation 
( )bfNC ⋅=σ            (3)
 where σ is the von Mises stress within the wire at the location of the stress concentration for the time step of the 
simulation where it reaches its maximum. 
The constants C and b are determined by comparison of experiments and simulations for different displacement 
amplitudes. For the series of experiments depicted in figure 6, values of   b = -0.08024 and C = 1.399 E+8 are 
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obtained. According to equation (3) the von Mises stress at the location of the stress concentration was used to 
calculate the number of cycles to failure, while the average value of shear stress is depicted in Fig. 6.  
The lifetime model presented here shows a similarity to a lifetime prediction of wire-bonds proposed by Lu, 
Bailey and Yin [4]. But while Lu et al. concentrated on the loading regime with lifetimes below 1E+5, we are 
dealing with high cycle fatigue. Therefore, we have used the Basquin relation instead of a Coffin – Manson 
approach. The Basquin equation can successfully be applied to a loading regime up to 1E+9 cycles to failure. 
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Fig. 6. Fatigue life curve of Al- wire bonded interconnects  
4. Comparison of lifetime obtained by mechanical shear fatigue with power cycling data 
In the following a simplified bi-metallic approach was used to convert the value of shear strain to an equivalent 
temperature difference (ΔT) in the interconnect, with Δε = Δτ/G, G being the shear modulus and α being the 
coefficient of thermal expansion [5]. Using this approach, the experimentally determined S-N curves can be 
represented as a function of the junction temperature difference and loading cycles to failure and compared with the 
power cycling reliability curves (figure 7).  
Δε= (αAl-αSi).ΔT (4) 
Figure 7 shows a typical reliability diagram obtained from the highly accelerated power cycling tests for the 
IGBT modules with wire bond with similar quality as those investigated in the present study (full line –EconoPack 
modules ) [6]. The failure criteria in the power cycling tests is defined as an increase of forward voltage (collector – 
emitter) by more than 5% which is mainly related to the wire bond lift-off. In the range of ΔT>120K, the power 
cycling test conditions where chosen to induce only wire bond lift-off failure, where the other data is related to the 
failure of the whole modules [6]. The mechanical fatigue results were obtained in the region of >1E+5 to 1E+9 and 
correspond to an equivalent ΔT value between 30 and 60K. The minimum ΔT during the power cycling tests was 
about 70K. The dashed curves show the tendencies of the fatigue behavior of the interconnect in the low and high 
cycle regime. The curves obtained by the two different methods merge in the region of about 1E+6 to 1E+7 cycles. 
Above this region an improved fatigue performance of the wire bonds tested by mechanical fatigue testing is 
observed. 
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Although the lifetime curves obtained by accelerated thermal and mechanical testing show a very good 
correlation in this study, due to the basic differences existing between the two procedures deviations in the fatigue 
response of the interconnects are observed. 
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Fig. 7. Comparison of lifetime models for Al wirebonds obtained by power cycling and mechanical shear fatigue loading. Power cycling data 
from [6]. 
 Thermal acceleration is achieved by heating the device to higher temperatures than those occurring at 
operational conditions where the mechanical acceleration is given by increasing the testing frequency which might 
alter the fatigue response of aluminum interconnects in a different manner. Factors such as temperature and strain 
rate dependent material properties can modify the fatigue response of materials and should be taken into 
consideration. The fatigue response of Al has been reported to be less sensitive concerning the testing frequency 
above a certain range and creep effects are also reported to be negligible at low homologous temperatures (<0.4Tm) 
[7, 1].   
As previously mentioned, the run of the power cycling reliability curve at very high loading cycles is based on 
extrapolation and not on measured data. It is still not clear that to what extent an extrapolation of power cycling 
curves correspond to the real fatigue limit of the devices at the high cycle regime [2]. Fatigue life at high plastic 
strains (in this case at high ¨Tj) and low loading cycles is mainly dominated by the ductility and might deviate from 
the fatigue resistance at low strains and high loading cycles that depends on the strength of material (dashed curves) 
[8]. Thus the fatigue response of Al wire bonded interconnects is mainly controlled by the quality and strength of the 
interface between the Al wire and the metallized surface of the silicon chip. The microstructure and mechanism of 
the crack initiation and propagation in the interconnect will be discussed in the following section.  
As a conclusion, a total fatigue life model based on a combination of power cycling data for the LCF and 
accelerated mechanical data for the HCF region seems to be an optimal solution for lifetime prediction of the Al 
wire bonded interconnects. The lifetime modeling requires further thermal FEM -simulations and will be presented 
in future investigations.  
5. Microstructural investigations 
The following investigations are performed to study the microstructural evolution of ultrasonically bonded Al 
interconnects and to clarify the possible differences occurring during the power cycling and accelerated shear 
516 G. Khatibi et al. / Procedia Engineering 2 (2010) 511–519
G. Khatibi et al. / Procedia Engineering 00 (2010) 000–000 7
fatigue loading. An overview of a typical Al- wire bond shows the influence of ultrasonic bonding on the extremely 
fine grained and highly textured structure of the original Al wire (marked as wire in Fig. 8.a). Though ultrasonic 
bonding process is a solid state bonding without a significant temperature raise [9], the bonded area consists of 
coarse recrystallized grains with an average diameter of about 100-200μm (Fig.8.a). During bonding, ultrasonic 
energy is absorbed by the Al wire resulting in a softening of the originally work hardened material, the dislocation 
motion and diffusion is promoted resulting in dynamic recrystallization and a subsequent grain growth in the bonded 
area [9]. Randomly, the coarse grains of the bonded area show substructures such as cells and vein like dislocation 
configurations resembling to those observed during cyclic loading with a more pronounced cell structure near the 
bonding interface area. The formation of these substructures is related to the vibrations of the bonding tool during 
the ultrasonic bonding process (Fig.8.b). The interface between the Al and Si chip consists of an inhomogeneous 
structure with regions of distorted and very fine grained structures, amorphous particles and oxides, as observed in 
transmission electron microscopy studies of the Al wire bonds [9]. Our investigations on ultrasonically bonded 
interconnects showed that a certain microstructural variation exists not only in the bond area but also between 
various interconnects processed under nominal identical conditions. 
Depending on the strain amplitude, loading cycles and temperature, mechanical fatigue loading of the 
interconnect leads to a cyclic softening of the Al in the bonded area (Fig.8.c bonded area). To study the influence of 
testing temperature, selected specimens were subjected to isothermal shear mechanical loading at 80°C. Though a 
considerable effect on the lifetime was not observed, some microstructural changes could be detected after loading 
up to 1E+9 cycles. A certain degree of recovery within the coarse grains of the bonded area and an extension of the 
coarse grained region towards the non bonded part of the wire (bond tail) was observed due to the moderate 
increasing of the testing temperature (Fig. 8.d). The microstructure of the bond tail was not altered due to the 
mechanical cyclic loading at ambient temperature (Fig. 8.c).  
Investigations of power cycled specimens showed as well recovery and a moderate grain growth in the bonded 
area which has also been reported by other investigators [10]. Contrary to mechanical shear fatigue, a major 
microstructural change was observed in the non bonded part of the wires (bond tails) subjected to power cycling. 
The non bonded wires exhibited a completely recrystallized microstructure with equi-axed grains as a result of 
current heating to temperatures of about 150°C. Since the properties and structure of the free end of the wire is 
mainly related to the heel crack failure of the wire bond, we regard this difference as less relevant to the subject of 
this study [4].  
As previously mentioned the main reliability issue of the semiconductor power devices is the wire bond lift-off 
failure. Through the given bond geometry crack initiation occurs always at the site of highest stress concentration 
already at early stages of fatigue life even at low plastic strain amplitudes. We assume that further propagation of the 
crack is then retarded due to the highly deformed fine grained structure of the bonding interface leading to an 
improvement of fatigue performance in the high cycle region. Finally the crack follows a path in the softer grains of 
the bonded area leading to fatigue failure as a result of wire bond lift-off. These observations and the detailed 
fracture analysis of the several specimens showed that in case of wire bonded interconnects, power cycling and 
accelerated mechanical shear fatigue result to identical degradation and failure mechanisms [3].  
Fig. 8. (a) EBSD – SEM image of an Al-wire bond on a Si-Chip (as-bonded condition) 
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Fig. 8. (b) ECCI – SEM image of an Al-wire bond on a Si-Chip (as-bonded condition) 
Fig. 8. (c) EBSD – SEM image of a mechanically fatigued wire bond at ambient temperature; (d) EBSD – SEM image of a mechanically fatigued 
wire bond at 80°C (before fracture) 
6. Summary  
The applicability of the accelerated mechanical shear fatigue testing as an alternative to power cycling test for 
qualification of microelectronic interconnects is demonstrated and verified by:  
• Determination of the distribution of stress and strain and the sites of stress concentration in the interconnect 
area.
• Lifetime prediction of Al wire bonded interconnects in the high cycle regime based on a Basquin type 
equation. 
• Comparability of the lifetime curves obtained by mechanical shear fatigue and power cycling of the 
interconnects of similar quality within a defined region.  
• Characterization and comparison of the evolution of the microstructure of the bonded area with respect to 
the conditions of cyclic loading. 
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